Introduction
Gallium is an industrially important metal as a doping material for semiconductors. For the purpose of separating gallium in aqueous solutions, solvent extraction as well as ion exchange is often used. 1, 2 Typical extractants for gallium(III) are 8-quinolinol derivatives, 3, 4 organophosphorus compounds, 5 alkyl amines and quaternary ammonium salts. 6, 7 The extractants are all used by diluting them in organic molecular solvents. The main problem with solvent extraction is the use of volatile organic solvents, which are often flammable and harmful to the environment and human health.
Ionic liquids (ILs), which are salts having a melting point below 100 C, have considerable interest in the field of solvent extraction because they are nonflammable and environmentfriendly owing to their negligible vapor pressure. 8 It is also a characteristic property of ILs that they can extract ions from aqueous solutions without any additional extractant. The extraction of hydrophobic anions, including anionic metal chloro complexes, with several ILs have been investigated, [9] [10] [11] [12] [13] and the results show a general trend that an IL formed by a more hydrophobic cation and a more hydrophilic anion has a higher extracting power for anions. The ILs that best meet the requirements for anion extraction are known as "liquid anion exchangers", but it is generally difficult to use them without dilution because of their high viscosity. In addition, common ILs based on bulky organic cations, such as tetraalkylammonium and dialkylimidazolium ions, are currently too expensive for their use on a large scale.
In a recent paper, 14 (III) , and indium(III), in hydrochloric acid solutions. As a result, the highest extractability was observed for gallium among all of the metals, including those studied earlier, from high-concentration hydrochloric acid. Back extraction of gallium and gallium/indium separation were also examined.
Experimental

Reagents and apparatus
The ILs used were the same as reported previously. 14 Brief descriptions of their preparation are given in Supporting Information. Aqueous solutions of the metal(III) ions were purchased as 1000 ppm atomic absorption standards. Water was deionized with a Milli-Q Labo system (Millipore). Other reagents used were of guaranteed reagent grade. A polarized Zeeman atomic absorption spectrophotometer (Hitachi, Z-5000) and an ion meter (Horiba, F-23) equipped with a Cl -selective electrode (Horiba, #6560-10C) were used.
Forward and back extraction of metal ions
One volume of an aqueous solution containing 0.10 -6.0 mol L -1
HCl and 1.1 × 10 -4 -3.0 × 10 -3 mol L -1 metal(III) and a half volume of a pure IL or a mixed IL were placed in a centrifuge † To whom correspondence should be addressed. E-mail: katsuta@faculty.chiba-u.jp Notes tube, and shaken mechanically for 1 h at 25 C. Here, the volume of the IL phase was accurately adjusted based on the weight by using the densities listed in Table S1 (Supporting Information); the first three digits of the density values were unchanged before and after extraction. It was preliminarily confirmed that there was no shaking-time dependence of the extractability in the range of 15 min to 4 h. After phase separation by centrifugation, the metal concentration in the aqueous phase was determined by atomic-absorption spectrophotometry, as described in Supporting Information. The extraction percentage (%E) and the distribution ratio (D) were calculated. For back extraction, an aliquot of the IL phase was shaken again with a double volume of a 0.10 -8.0 mol L -1 aqueous nitric acid for 1 h at 25 C. After centrifugation, the metal concentration in the aqueous phase was determined.
Determination of ILs in the aqueous phase and Cl -in the IL phase after the forward extraction
The amount of the ILs in the aqueous phase after forward extraction with a 10 wt%
mixture was determined by weighing the residue after evaporating the solvent and HCl by heating for ca. 2 h. Preliminarily, the thermal stability and nonvolatility of the ILs were confirmed; the weights of the ILs after 5 h heating at 100 C in the atmosphere were completely the same as the initial weights. The amount of Cl -in the IL phase was determined as follows. The IL phase after forward extraction was washed twice with a double volume of a 1.0 mol L -1 nitric acid. The Cl -concentration was measured with an ion meter for each washing solution, after being neutralized with sodium hydroxide.
Results and Discussion
Forward extraction
Initially, the extraction of gallium(III) (1. -4 mol L -1 for aluminium, gallium, and indium, respectively; it was confirmed separately that the extractability of gallium(III) was nearly independent of the initial metal concentration in the range of 1.1 × 10 -4 -3.0 × 10 -3 mol L -1 . The variation of %E of each metal with the HCl concentration is shown in Fig. 1 . Numerical data of D and %E are provided in Table S2 (Supporting Information). The extractabilities of the three metals increase with an increase of the HCl concentration.
From 4 and 6 mol L -1 hydrochloric acid solutions, gallium(III) was nearly quantitatively extracted, and the extractability order was Ga > Al >> In. Indium(III) was not, or only slightly, extracted over the whole HCl concentration range. We previously reported on the extractabilities of sodium(I), magnesium(II), potassium(I), calcium(II), manganese(II), iron(III), cobalt(II), nickel(II), copper(II), zinc(II), ruthenium(II), rhodium(III), palladium(II), cadmium(II), and platinum(IV) with the same mixed IL from 0.10 -4.0 mol L -1 hydrochloric acid solutions. 14 Even including previous data, the most highly extracted metal ion from a 4.0 mol L -1 hydrochloric acid is gallium(III); the D value of gallium(III) is 3 -9 times greater than those of aluminium(III), iron(III), zinc(II), palladium(II), cadmium(II), and platinum(IV), and more than 100-times greater than those of the other metals. The coordination numbers of group-13 metals in their chlorides are generally 4 or 6 for aluminium(III), 4 for gallium(III), and 6 for indium(III). 15 The aqueous stability constants are available for [GaCln] (3-n)+ (n = 1 -4) and [InCln] (3-n)+ (n = 1 -3). 16 According to the stability constants, the dominant species of gallium(III) in 0.10 -6.0 mol L -1 HCl solutions are Ga 3+ or [GaCl] 2+ ; however, the mole fraction of [GaCl4]
-increases with increasing HCl concentration, which corresponds to the HCl concentration dependence of the extractability. Although indium(III) forms much more stable chloro complexes than gallium(III), it is expected that [InCl4] -is less hydrophobic than [GaCl4] -because the former is coordinatively unsaturated with Cl -and undergoes additional coordination of water molecules. This may be a cause of the much lower extractability of indium(III), as compared to gallium(III). The species of aluminium(III) in the aqueous phase cannot be discussed because of a lack of the stability constants. 
Back extraction and mutual separation of gallium and indium
Composition variation of the IL phase in extraction processes
For the biphasic system of a 10 wt% Gallium(III) is quantitatively extracted from the hydrochloric acid solutions, and also quantitatively stripped with aqueous nitric acid solutions. The metal extractability with the mixed IL can be controlled by the ratio of the components. The mixed IL can also be utilized for gallium(III)/indium(III) separation. The composition of the mixed IL changes in the forward extraction, but returns in the back extraction, which ensures the reusability of the mixed IL as a metal extractant. 14 
